Abstract Mexico City, with a population of 18 million, has been sending its wastewater for more than 100 years to the Tula Valley where it is used to irrigate 90,000 ha. Due to the large wastewater volume (60 m 3 /s) sent through unlined channels, combined with the use of very high irrigation rates, artificial recharge of the local aquifer has been occurring. This recharge is estimated in more than 25 m 3 /s. As a consequence, the water table has raised and several springs have appeared in the last decades with flows between 100 to 600 L/s. These springs and several wells are the water sources in the region. An evaluation of the Tula Valley aquifer quality was performed to analyze the use of such water as source of drinking water for Mexico City. The work is divided into 5 individual projects: (a) drinking water quality in the Tula Valley; (b) water availability in the Tula Valley; (c) wastewater treatment due to its use for irrigation, (d) use of membrane processes to treat groundwater; and (d) biota developed in the new surface water reservoirs. Results show that it is feasible to use this reclaimed water as drinking source.
Introduction
Water availability in Mexico is estimated in 4,500 m 3 /inhab .. year, nevertheless, two thirds of its area suffers from a lack of water due to the uneven distribution. For this reason, 102 m 3 /s of wastewater were reused to irrigate 256,827 ha in 1995, being the country with the largest continuous area irrigated with raw wastewater (Mara and Cairncross, 1989) . This area with 90,000 ha is known as "El Mezquital" and it is located in the Tula Valley. The Tula Valley uses for irrigation Mexico City's wastewater. Mexico City, with its 18 million people, is located in a closed basin at 2,220 masl. To avoid floods and to drain the sewage three artificial exits (Main Interceptor, West Interceptor and the Gran Canal Drainage) were built to send the wastewater to the Tula Valley since 1890. Currently, expressed as mean value, 60 m 3 /s are sent this way from which 80% corresponds to wastewater and 20% to rainfall which occurs only during the rainy season and just for a few hours per day. In fact, peak flows may reach 300 m 3 /s during short periods. The Tula Valley is located 80 km north from Mexico City (Figure 1 ) at an elevation of 1,900 masl. Its population is close to 450,000 people and it is distributed in 294 localities. Mean annual precipitation is 450 mm whilst evaporation is 2,100 mm (CNA et al., 1998) . Rainy season is limited to the months of May to October. The main activity in the Valley is agriculture, which is practiced in three irrigation districts: 03 (Tula), 100 (Alfajayucan) and 25 (Ixmiquilpan). Together, they represent 90,000 ha. The main crops grown are corn and alfalfa. Due to the salinity in the soils, very high irrigation rates are used (1.5 to 2.2 m) which, combined with the edaphologic conditions and the wastewater transport through 858 km of unlined channels, produce an artificial recharge of the aquifer. This recharge has been estimated in 25 m 3 /s, and it is equivalent to 13.3 times the original or natural recharge (Jiménez et al., 2000) . As a consequence, the water 100 to 600 L/s. Also, the original flow of the Tula River, the main stream in the Valley, has increased from 1.6 to 12.7 m 3 /s in 50 years. All this water has favored the development of the region and constitutes the main source of water. On the other hand, 1,100 ha of land were lost as the change in the water table resulted in flooding and salinization.
The increase in the demand of water supply in Mexico City from the current value (62 m 3 /s) and considering the proximity (80 km) and the low difference in altitude (320 m), the new aquifer is being taken into account as an alternative water source. However, since the aquifer has been recharged with raw wastewater, several studies have been performed to analyze this option.
Methodology
This paper presents the results of 6 years of research performed to: (a) Evaluate the quality of the drinking water in the Tula Valley; (b) Estimate the availability of water in the Tula Valley; (c) Determine the pollutants removed from wastewater after its use in agriculture; (d) Study the application of membrane processes to produce drinking water and, (e) Study the new biota that appeared in the surface water bodies as possible indicators of water toxicity.
All the water analyses were performed according to the Standard Methods (1995), except for helminth ova where a flotation and sedimentation technique was employed (USEPA, 1992) . Additionally, some volatile organic compounds were identified by gaschromatography-mass spectrometry in 40 to 30 amu SCAN and SIM modes (Capella and Pegueros, 1998) and semi-volatile organic compounds were detected following the US EPA technique SW-8270.
Results and discussion
Drinking water quality in the Tula Valley
In the Tula Valley, there are 128 sources of drinking water, from which 80% are wells, 11% springs and 9% water wells. 52% of the sources are located near to the irrigation areas or to the irrigation channels. For this study, 34 sources representing 83% of the supplied population and 57% of the extracted volume were selected. 160 parameters were analyzed during three monitoring campaigns: one in the dry season and two during the rainy in 1997 and 1998. From the sources monitored, six of them that presented high organic matter content (TOC from 5 to 50 mg/l and COD from 4 to 80 mg/L) were selected to perform a chromatographic analysis of 246 semivolatile organic compounds. Table 1 show a summary of data obtained and compares them with the Mexican drinking water standard. 21 sites (from the 34 sampled) had total dissolved solids (TDS) above the limits; 13 showed problems with nitrates and fecal coliforms; 11 with sodium and total hardness; 6 with sulfates; 4 with barium; and 1 with cadmium, copper, nitrites and zinc. In all the samples the pesticides used in the region (atrazine, carbofurane, and 2, 4-dichlorephenoxyaceticacid) were not detected. Also, there was no evidence of acute toxicity in Photobacterium phosphgoreum (Microtox). None of the 246 semi-volatile compounds was detected in the six sites mentioned before. Nonetheless, some peaks were observed in chromatograms, which could not be identified and might be related to the presence of humic and fulvic acids.
Water availability in the Tula Valley 5.5 m 3 /s of water are used in the Valley: 64% for the industry, 22% for agriculture and cattle raising activities, and 14% for human consumption. Considering that recharge is estimated in 25 m 3 /s, there are 19.5 m 3 /s of excess water under present conditions. To determine the possibility of using part of this volume, a hydrogeological study was performed. Some of the conclusions of such study indicate that there are three aquifers formed by the infiltration of wastewater in the Valley. Two of them, located between the Tula River and the Actopan River, have low salinity and a very high water table. As a result, they are proposed to be exploited in a first stage to recover flooded and saline land and, also, to avoid 0.95 m 3 /s of water losses due to evaporation. It was estimated a maximum extraction of 11 m 3 /s in an area of 322 km 2 ; nevertheless, it is recommended that only 6 m 3 /s are extracted in 90 wells to evaluate the behavior of the aquifer (Jimenez et al., 1998) .
Pollutant removal from wastewater due to its reuse in agriculture.
To evaluate the evolution of the wastewater quality through its use in irrigation, it was analyzed at its exit from Mexico City and in three representative sites of the Tula aquifers (Tezontepec, San Salvador, and Cerro Colorado; this last one being a spring while the first two are wells). The sampling took place during both seasons and 153 parameters were analyzed (8 microbiological, 33 physicochemical, 1 toxicity, 18 metals, 8 non metals, 7 inorganics, and 72 organics) by two commercial laboratories and two universy laboratories in parallel. Results are shown in Table 2 . It is clear that during transportation and infiltration the wastewater quality changes. Processes involved are photolysis, desorption, adsorption, absorption, biodegradation, and ion exchange. Some of them are carried out by plants and soils, which act as a soil aquifer treatment system (SAT), but others occur by the movement of the water in the open channels. As a consequence, high removal efficiencies are found, which are similar to those achieved in a secondary treatment plant and even higher for some compounds (Jiménez, 2003) . However, an increase in the salinity of the water was observed as shown by the concentration of calcium, magnesium, bicarbonates, sulfates, nitrates, nitrites, hardness, total dissolved solids, conductivity, and alkalinity. Based on the modification of the water quality, it is clear that there is a purification process performed naturally by the environment, but an in-depth study is required to determine the fate of the pollutants removed. With the goal of improving the local drinking water treatment system (which consists only of chlorination) and to determine the preliminary cost of purifying the water before sending it back to Mexico City, a mobile pilot plant was installed. This plant has the flexibility to operate in parallel or in series and consisted of a granular filter, a 5 µm pre-filter, nanofiltration, and reverse osmosis. Membranes used were spiral-wounded polyamides and tests were performed at Cerro Colorado and PEMEX 13 sites. Both processes, nanofiltration and reverse osmosis, working in parallel showed high efficiencies (>95%) to remove dissolved solids and organic compounds. The effluents met the Mexican and international drinking water standards. TDS in the effluent ranged from 40 to 57 mg/L, while TOC varied from 1 to 2 mg/L. No coliphages were detected but pH in water was slightly acidic (around 5), indicating that it was clean. Figure 2 shows the chromatograms of the raw wastewater, the infiltrated water and the nanofiltration effluent. In raw wastewater more than 60 compounds were identified. The most important were: 4-nonylphenol (500-1,000 ppb); 1,1,3,3 tetramethylbuthyl phenol (100-500 ppb); 2,3 dihidro-1,2 dimethyl-1 H-Indeno (10-50 ppb); 1,1 -oxybis-benzene (10-50 ppb); and 1,1 biphenil (5 ppb). In the infiltrated water there are still some volatile halocompounds (alquil benzenes and chlorobenzenes) but in much lower concentrations. Finally, the nanofiltration effluents showed some peaks of nonylphenol and halocompounds that are still present, but in very low concentrations. Considering the quality of the effluent produced and the cost, nanofiltration was found as the best option so far. It represents a cost of 0.73 USD/m 3 including transportation to Mexico City. This cost can be reduced if the membrane process is optimized in further studies. Table 3 shows the cost of potential water supply sources for Mexico City. Water that is being supplied has a cost from 0.016 USD/m 3 (if it becomes of the local aquifer and receives only chlorination) to 0.615 USD/m 3 (water that is imported from a basin located 151 km far from the city and at an altitude 1,100 m lower).
Biota formed in the new surface water bodies
Since it was not possible to identify all the organic compounds detected, the biota living in the new surface water bodies was studied during one year at Cerro Colorado spring. This spring appeared 35 years ago, has a flow of 600 L/s and supplies 72,400 people. Four sampling campaigns were performed at different depths (1, 2.5, and 4 m) in five sites. The most important results showed that there exists a wide variety of life representative of all the throphic levels (fishes, arthropods, shells, mollusks, annelids, platyhelminths (tapeworms), protozoa, algae and plants (Figure 3 considered as an indicator of very high water quality, was found. The evaluation of sex distribution in Allotoca regalis and Heterandria jonesi fishes showed no statistically difference among distribution of sexes. 
Conclusions
There is an evident capacity of the Tula Valley soils to treat wastewater and produce an aquifer of acceptable quality. This aquifer, due to its characteristics, as well as the treatment and transportation costs, can be used to supply Mexico City in the near future. Nevertheless, due to the pollution of the water, particularly with unidentified compounds, it is highly recommended to employ an advanced treatment system, such as a membrane process. Also, it is needed to study the fate and the removal mechanisms of all the pollutants in order to safely use this non-intentional reuse process. Finally, this reuse scheme must be completed with the development of an appropriate legislation that considers the non-conventional pollutants found and measured in these studies. 
